We describe a method, complementary strand analysis (CSA), for separating alleles potentially from any heterozygous genetic locus. Locus specific PCR is performed generating two allelic products. The antisense strands are isolated and hybridised with a sense reference strand to form a chimeric DNA duplex for each allele which is then separated by non-denaturing PAGE. We demonstrate the application of CSA for separation of highly polymorphic HLA-A, -B and -Cw alleles and characterisation of HLA identity in related bone marrow donors and patients. CSA is capable of resolving one nucleotide differences in a DNA fragment nearly as large as a kilobase in length.
The application of molecular biology techniques for identifying genetic polymorphisms has expanded considerably since the implementation of PCR technology. However, a major drawback of current methodologies is difficulty in discerning two alleles at a given locus, particularly in the absence of maternal and paternal data. Most techniques for detecting genetic polymorphisms are applied to simple genetic systems where only one mutant allele is compared with a wild-type allele. Such techniques depend upon the presence or absence of restriction enzyme sites (1), or differences in the conformation of DNA strands as seen in single strand conformation polymorphism (SSCP) (2) , heteroduplex analysis (3), denaturing gradient gel electrophoresis (DGGE) (4) , and temperature gradient gel electrophoresis (TGGE) (5) . The ultimate definition of an allele is the characterisation of its nucleotide sequence. Direct sequencing, of both alleles from a heterozygote without separating the alleles by cloning, SSCP or other methods, is limiting in that deletions and insertions cannot easily be defined. For polyallelic genetic systems, which evolve through gene duplication and recombinatorial events, the combination of alleles in heterozygous individuals presents a high level of allele ambiguity which cannot be resolved by direct sequencing. For alleles encoded by the HLA genes of the major histocompatibility complex where there is no wild-type, a database of known sequences is required, even so there are still many combinations of alleles which give ambiguous results (7) .
We have established a technique, complementary strand analysis (CSA), which separates alleles from complex genetic systems permitting subsequent manipulation of the separated alleles such as DNA sequencing and oligotyping without allele ambiguity. The first step of CSA involves amplification of a locus or region specific sequence by PCR using a biotinylated 3′ primer. Biotinylated antisense strands of the amplification product are isolated on streptavidin coated beads and hybridised with a known reference sense single strand DNA fragment, thus forming a chimeric DNA duplex. By maintaining the sense strand as constant the antisense strand can be either of the two alleles at a given locus (Fig. 1) . Differences between the nucleotide sequence of the two alleles to be tested are detected by variation in the mobility of the chimeric duplexes formed after separation by non-denaturing polyacrylamide electrophoresis.
The separation of polymorphic HLA-A, -B and -Cw alleles from three cell lines is shown in Figure 2 . Each band represents a chimeric DNA duplex consisting of one strand from one of two alleles being tested and the complementary reference strand for that locus. All three cell lines were heterozygous at each locus except cell line M7 which is homozygous for HLA-Cw, as seen by the presence of only one band (Fig. 2, lane 7) . We have tested DNA from 42 heterozygous and 41 homozygous cell lines expressing different allelic combinations and have successfully separated alleles from HLA-A, -B and -Cw loci in all cases (data not shown). Following electrophoresis, the separated alleles in the form of chimeric duplexes can be isolated and the sample strands (antisense) subjected to further analysis such as high resolution HLA typing using a reduced number of sense sequence oligonucleotide probes as previously described (8) . Alternatively, the allelic fragment may be used for direct sequencing without the problem CSA has many potential applications, for example it can be used to follow the inheritance of two alleles within a family. Figure 3 demonstrates the inheritance of the maternal and paternal HLA-B alleles in a family. Comparative CSA can be used to determine HLA matching during the search for suitable bone marrow donors. The analysis represented in Figure 3 demonstrates that the patient (lane 4) and the patient's daughter (lane 5) share HLA-B identity, whereas other family members share only one HLA-B allele with the patient.
The CSA approach can be applied to the analysis of many genetic systems to identify gene mutations. With this method we have analysed the largest exon encoded by the CFTR gene, exon 13. The wild-type and two mutations, 2603delT and R709X which differ from the wild-type by one nucleotide deletion (9) and one nucleotide substitution (10), respectively, were easily separated and visualised (data not shown).
The electrophoretic conditions utilised for CSA for the HLA class I and cystic fibrosis analysis, are not dependent on nucleotide sequence, offering a major advantage over conventional conformation dependent techniques such as DGGE and TGGE. Thus, it is likely that other similar genetic polymorphisms can be analysed under the same conditions. Analysis of polymorphisms within bent DNA or short tandem repeats has not been addressed with CSA, the nature of such genetic regions may result in the formation of multiple duplexes between sample and reference. In contrast to heteroduplex analysis, the number of duplexes formed and bands observed by CSA is equal to the number of alleles amplified, i.e., if x alleles are amplified, x duplexes are created and x bands observed whereas the number of duplexes formed by conventional heteroduplex analysis is x 2 , and the number of bands unpredictable, therefore this approach has not been used for allelic separation. Unlike SSCP there is only one molecular conformation for an allele under given conditions, and CSA requires less PCR amplifications to screen a particular genetic region because larger DNA fragments can be analysed.
The allelic strand preparation stage removes contaminating DNA and other materials, the resulting duplexes are therefore highly purified products that can be used directly for subsequent Figure 2 . Separation of HLA-A, -B and -Cw alleles from three B-LCLs. For homozygous individuals one band is observed whereas for heterozygous individuals two bands are observed. PCR was performed on genomic DNA from International Histocompatibility Workshop B-lymphoblastoid cell lines (B-LCL). PCR primers were synthesised commercially with biotin incorporated at the 5′ end of the 3′ primer. This ensured the incorporation of biotin into the antisense strand of the PCR product. Locus specific PCR was performed for exons 2 and 3 of HLA class I alleles using the following primers: 5AIn1-46, GAA ACG/C GCC TCT GT/CG GGG AGA AGC AA and 3AIn3-66, TGT TGG TCC CAA TTG TCT CCC CTC for HLA-A; 5BIn1-57, GGG AGG AGC GAG GGG ACC G/CCA G and 3BIn3-37, GGA GGC CAT CCC CGG CGA CCT AT for HLA-B; 5CIn1-61, AGC GAG GG/TG CCC GCC CGG CGA and 3BCIn3-12, GGA GAT GGG GAA GGC TCC CCA CT for HLA-Cw (11) . PCR reactions were conducted using 1 µg DNA, 0.2 mM dNTPs, 25 pmol each primer, 16 mM (NH 4 ) 2 SO 4 PCR buffer (Bioline) with 1.5 mM MgCl 2 and 3 U Taq DNA polymerase in a total volume of 100 µl. Cycling conditions were as previously described (11) . Amplified products had the following molecular sizes: 979 bp for HLA-A, 940 bp for HLA-B and 909 bp for HLA-Cw. Locus specific complementary reference strands for HLA were prepared using DNA from two B-LCL lines homozygous for HLA class I: STEINLIN (HLA-A*0101 and HLA-Cw*0701) and SP0010 (HLA-B*4402). Reference strand amplification was performed in two stages: PCR with conditions as described above for test samples except that primers were not biotinylated. Nested PCR was then performed on an aliquot with 5′ primer (same sequence) biotinylated at the 5′ end to ensure incorporation into the sense strand. The 3′ primers were synthesised to include differences from those used above to allow subsequent specific amplification of the sample antisense allelic strands and not the reference sense strands for sequencing studies (data not shown), and the sequences are: RefA 3P, TGTTGGTCCCAATTGTCTCCCCGACTTGTGGG for HLA-A; RefB 3P, GGAGGCCATTTCCGGCGACCAGGAGGAGATG for HLA-B: RefC 3P, GGAGATGGGTTAGGCTCCCCCGCGCCCCTGGT for HLA-Cw (substituted bases are underlined and italics indicate nucleotide additions to the published sequences). Following PCR reaction for both samples and reference strands, streptavidin coated magnetic beads (Dynal) were added to the PCR tubes and incubated at 43_C for 1 h. Biotinylated DNA was retained on the beads after washing. Non-biotinylated strands were removed by addition of freshly prepared 0.15 M NaOH with 10 min incubation and aspiration of the supernatant. Biotinylated single strands were dissociated from the beads in 50 µl PCR buffer by heating at 95_C for 5 min. The denaturation of streptavidin released the biotinylated strand which was aspirated immediately to be used later for duplex formation. The separation of the allelic fragments was performed by hybridisation of reference biotinylated single strand with the relevant biotinylated sample fragment by incubating at 95_C, 5 min; 70_C, 5 min and 65_C, 40 min in a thermocycler. The resulting duplexes were separated by electrophoresis in a 6% non-denaturing polyacrylamide gel. (Long Ranger, J. T. Baker Inc.). Gels of 20 or 40 cm length by 1 mm thickness were used in these experiments and DNA bands were visualised with ethidium bromide under UV light. The resolved allelic bands were electrophoresed from PAG into low melting agarose gels and eluted for further analysis, e.g., oligotyping (8) .
manipulations such as sequencing or oligotyping without ambiguity in the results (8) . The presence of more bands than expected by CSA is indicative of PCR artefacts or co-amplification of unwanted DNA. Homozygosity is observed by the presence of one DNA band, however it is always possible that a single nucleotide difference between two alleles, located at the ends of the DNA fragment would not produce two bands. Such cases could be resolved by altering the electrophoretic conditions. However, the ultimate definition of homozygosity can only be achieved by DNA sequencing through cloning. The separation of bands in CSA is a function of the gel length and to some extent the size of the DNA fragment, and in the systems presented here appears to be independent of the nucleotide sequence.
In conclusion, CSA is a relatively simple method which can be used in any laboratory with standard facilities for the separation of alleles in complex polymorphic genetic systems differing by as little as one nucleotide, DNA crossmatching, e.g., for bone marrow transplantation and for the identification of genetic variants.
